Whereas exposure to excessive levels of sunlight is detrimental to our health, moderate exposure can boost our physical and mental state. For some individuals, the lack of sunlight during the fall and winter months triggers the onset of depression, termed seasonal affective disorder (Jacobsen et al., 1987) . Phototherapy, in which a patient is exposed to bright light, often ameliorates these symptoms. Furthermore, increased sunlight exposure correlates with a reduced rate and severity of symptoms in other psychiatric ailments, including bipolar disorder (Benedetti et al., 2001) .
Revealing the molecular mechanisms by which sunlight affects mental state could lead to novel therapies for mental diseases, but our understanding of these pathways is, unfortunately, incomplete. One intriguing molecule that may contribute to these effects is serotonin, a neurotransmitter believed to regulate mood and whose reduced levels is linked to depression (Jenkins et al., 2016) . The concentration and turnover rates of serotonin in the brain vary seasonally, being highest during the summer months and lowest during the fall and winter (Lambert et al., 2002) , but whether these fluctuations cause mood disorders is unclear. Another molecule that may link sunlight to behavior is beta-endorphin, an endogenous opioid that is produced in the skin upon UV exposure, enters the brain, and can induce addictive behavior in mice (Fell et al., 2014) .
In this issue of Cell, using a breadth of techniques ranging from single-cell metabolite analysis to electrophysiology and behavioral assays, Xiong and colleagues reveal a previously unknown mechanism by which sunlight may enhance learning and memory (Figure 1) (Zhu et al., 2018) . First, the authors take advantage of a unique single-cell metabolite profiling method developed by their group to interrogate the intracellular composition of neurons (Zhu et al., 2017) . With this approach, a pipette, typically used for whole-cell patch recordings, is used to isolate the cytoplasm of an individual neuron, which can be subsequently analyzed by mass spectrometry. When the authors find urocanic acid (UCA) within the neurons of many brain regions, their curiosity was piqued, as UCA had not been previously reported in the central nervous system. UCA is an intermediate in the degradation of histidine, and it has been well studied in the context of the skin, where it accumulates due to the absence of urocanase, the UCA-degrading enzyme (Gibbs and Norval, 2011) . Interestingly, in this context, UCA has been proposed to be a UV-lightinduced immunosuppressant that acts through the 5-HT 2A serotonin receptor (Walterscheid et al., 2006) .
Could UCA be a link between sunlight and its effects in the brain? Using a low dose of UV exposure (UVB) to mimic moderate sunlight exposure, Zhu et al. observe increased UCA levels in the serum, as well as within neurons and the cerebrospinal fluid. Remarkably, intravenous injection of UCA alone is sufficient to increase UCA levels in the brain, suggesting that UCA generated during sunlight exposure may cross the blood-brain barrier to enter neurons. Indeed, isotopically labeled UCA injected into the tail vein is detected in the brain, providing more definitive support for this hypothesis. To deduce how UCA affects brain function, the authors probe its metabolic fate within neurons. UCA is an intermediate in the multistep conversion of histidine to glutamate. They find that many brain regions express key enzymes of this pathway and contain its metabolites, including 4-imidazolone-5-propionic acid (IPPA) and formiminoglutamic acid (FMGA). Exposure of mice to UVB or direct injection of UCA increases the intracellular levels of IPPA, FMGA, and glutamate up to 3-fold. Furthermore, this increase in glutamate is abolished by knockdown of each of the key enzymes in this pathway, as well as by chemical inhibition of urocanase with a dipeptide glycyl-glycine (GG). Altogether, these results demonstrate that this pathway is functional within neurons and mediates the UV-dependent biosynthesis of glutamate.
The discovery that UV exposure elevates glutamate levels within neurons is intriguing, given that it is a major excitatory neurotransmitter and altering glutamate levels could directly affect synaptic transmission. The authors turn to electrophysiology to test this idea at two major glutamatergic synapses-hippocampal CA3 to CA1 and motor cortex to dorsal striatum. They find that UVB exposure of an acute brain slice increases the amount of glutamate packaged per synaptic vesicle, which in turn increases the amplitude of miniature postsynaptic currents, suggesting that more glutamate is released at these synapses. Other parameters, such as postsynaptic glutamate receptor composition, the number of synapses, and release probability remain unchanged.
Could these changes at glutamatergic synapses be responsible for sunlightinduced changes in behavior? To test this, Zhu et al. assess the ability of mice to stay on a rotarod as a measure of striatum-dependent motor learning. Importantly, they observe that administration of UCA or UV exposure enhances performance, while GG-mediated urocanase inhibition blocks this effect. In addition, the authors interrogate a form of hippocampus-dependent memory-mice exposed to UVB or UCA demonstrate a greater preference for a novel object over a familiar one, an effect that is abolished upon urocanase inhibition.
These exciting results uncover a mechanism by which sunlight triggers chemical changes in the periphery that affect central synaptic transmission and thus brain function. This study underscores the power of single-cell metabolomics to uncover new biology, and much interesting follow-up remains with this discovery. The brain is, of course, very heterogenous, and there are likely differences across regions and cell types in the degree to which glutamate increases and glutamatergic synapse properties are altered as a result of UCA production. Indeed, Zhu et al. describe that the magnitude of UCA level changes in response to UVB varies, even being absent in some brain areas, such as the nucleus accumbens. The heterogeneity of this biosynthetic pathway and its effects on circuitry will be dissected with the help of celltype-specific manipulations and analyses.
It is also possible that UCA could affect neurons and synapses through mechanisms in addition to changes in glutamate levels. Intriguingly, UCA induces immune suppression in the skin via the serotonin 5-HT 2A receptor (Walterscheid et al., 2006) . As these receptors are also expressed in the brain, and serotonin itself has been long associated with mood, could this receptor mediate additional UCAdependent changes in neurons? Furthermore, while Zhu et al. establish that UV exposure to the skin can increase glutamate, they also find that shining UV light directly on an acute brain slice also has the same effect. Are different mechanisms at play in these two experimental schemes?
Stepping aside from UCA, sunlight alters physiology in complex ways, and UCA is likely not the sole mediator of its effects on mood and behavior. In fact, Zhu et al. describe that the levels of many other metabolites are also altered in neurons after exposure of the animal to UVB. This dataset provides a great starting point to delve into other mechanisms responsible for sunlight-induced changes in behavior.
Finally, there are interesting ethological questions to address, such as why these effects are observed in animals that are active at night. While mice are nocturnal, they do exhibit some activity in the daytime (Fonken Upon exposure of the skin to UV rays, urocanic acid (UCA) levels are increased. UCA crosses the blood-brain barrier and enters neurons, where it is converted to glutamate in a multistep metabolic pathway. As a result, glutamate levels increase, and in some glutamatergic synapses, this leads to increased packaging and release of this neurotransmitter. This pathway is necessary for sunlight to boost motor learning and long-term memory in mice. et al., 2010) , during which this pathway may be activated. In addition, changes in hours or intensity of sunlight exposure may function in circadian rhythms. It will be worthwhile to repeat these studies in diurnal mammals, whose brain circuitry evolved to promote activity in the sunlight and in which the effects of sunlight on behavior are likely more pronounced.
This study reveals a fascinating mechanism for a long-observed phenomenon and sets the groundwork for more exciting biology to be uncovered.
